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routes	 (Marin,	 Luquet,	Marie,	&	Medakovic,	 2008),	 environmental	
carbon	 and	 metabolic	 carbon.	 In	 bivalves,	 environmental	 carbon	
such	as	dissolved	inorganic	carbon	(DIC)	can	be	sourced	in	the	form	
of	 CO3
2−	 or	 hydrogen	 carbonate	 (HCO3















from	 seawater	 and	 CO3
2−	 from	 tissues	 are	 also	 suggested	 to	 be	
sources	of	carbon	 for	molluscan	shell	 formation,	which	may	differ	
depending	on	 the	environment	 (Nicol,	1960).	For	 instance,	HCO3
− 
is	 sourced	 directly	 from	 the	 surrounding	 water	 in	 the	 freshwater	











energy	 to	 maintain	 extracellular	 pH	 for	 the	 production	 of	 CO3
2− 
for	calcification	leaving	less	energy	for	shell	growth	(Gazeau	et	al.,	
2010;	 Parker	 et	 al.,	 2013).	 Increased	 metabolic	 rate	 under	 ocean	
acidification	conditions	is	reported	in	M. edulis,	the	oyster	Saccostrea 
glomerata and the clam Laternula elliptica,	at	pH	7.1–7.7,	7.9	and	7.7	




as	seen	for	M. edulis and S. glomerata	in	CO2‐enriched	environments	
(Parker	et	al.,	2013;	Thomsen	et	al.,	2013).
Coastal	 acidification	affects	many	nearshore	marine	habitats	
where	 freshwater	 run‐off	 results	 in	 reduced	pH	due	 to	 leachate	
from	 acid	 sulphate	 soils	 and	 humic	 acids	 and	 tannic	 acids	 from	
groundwater	 (Duarte	et	al.,	2013;	Fitzer	et	al.,	2018;	Jiang	et	al.,	
2017)	and	this	is	being	exacerbated	by	climate	change	driven	sea‐
level	 rise	and	 increasing	catchment	 flooding	and	 run‐off	 (Keene,	
Johnston,	Bush,	Burton,	&	Sullivan,	2010;	Wong	et	al.,	2010).	This	
form	 of	 environmental	 acidification	 differs	 in	 chemistry	mecha‐
nisms	 compared	 to	 ocean	 acidification	 (see	 Fitzer	 et	 al.,	 2018).	
Briefly,	 in	CO2‐induced	ocean	acidification	carbonic	acid	produc‐














ture	of	bivalve	 shells	with	 the	standard	or	normal	 condition	being	
highly	 ordered	 in	 organization	 (Marin,	 Roy,	 &	Marie,	 2012;	Marin	 
et	al.,	2008).	In	aragonite	or	nacreous	shells,	the	tablets	have	their	









narios	 (Beniash,	 Ivanina,	Lieb,	Kurochkin,	&	Sokolova,	2010;	Fitzer	 
et	al.,	2014;	Fitzer,	Vittert,	et	al.,	2015;	Fitzer,	Zhu,	et	al.,	2015;	Meng	
et	 al.,	 2018).	Many	ocean	acidification	 studies	 show	 reduced	 shell	
growth,	reduced	shell	thickness	and	mechanically	weaker	shells	for	
molluscs	growing	in	these	conditions	(Beniash	et	al.,	2010;	Dickinson	
et	 al.,	 2012;	 Fitzer	 et	 al.,	 2018;	 Fitzer,	Vittert,	 et	 al.,	 2015;	 Fitzer,	
Zhu,	et	al.,	2015;	Gazeau	et	al.,	2007;	Meng	et	al.,	2018;	Ries,	2011;	
Ries,	Cohen,	&	McCorkle,	2009).	 Interestingly,	a	similar	disordered	
shell	 crystallography	was	 observed	 in	 juvenile	Magallana angulata 
grown	 under	 experimental	 acidification	 (CO2‐dosing;	Meng	 et	 al.,	
2018) and in adult S. glomerata	cultured	in	coastal	acidified	environ‐
ments	(natural	pH	gradient;	Fitzer	et	al.,	2018).	 In	both	ocean	(e.g.	
CO2	 uptake,	 upwelling)	 and	 coastal	 (low	 pH	 estuarine	 sediments)	
acidification,	biomineralization	is	limited	due	to	reduced	availability	
of	carbonate	for	shell	production	and	energetic	constraints	(Barton	










on	 biomineralization	 in	 this	 species	 in	 important	 oyster‐growing	
estuaries	 (Port	Stephens,	Wallace	Lake)	 that	are	also	known	to	be	
impacted	by	sulphate	soil	runoff	(Dove	&	Sammut,	2013;	O'Connor	













run‐off	 of	 humic	 acids	 and	 sulphate	 soils	 and	 incorporating	 natu‐
ral	 fluctuations	 in	 salinity,	 temperature	 and	 biological	 production.	
This	 contrasts	 with	 the	 laboratory	 experimental	 acidification	 ap‐
proach	and	so	provides	an	assessment	of	the	impacts	of	real‐world	
contemporary	 coastal	 acidification,	 an	urgent	problem	around	 the	
globe	being	exacerbated	by	 climate	 change.	We	characterized	 the	








growth	 or	 disease	 resistance	 in	 the	 first	 study	 to	 assess	whether	
this	selection	is	also	associated	with	changes	in	the	mechanisms	of	
calcite	 crystal	 biomineralization	 compared	 with	 that	 in	 wild‐type	
oysters.	The	larvae	of	these	families	exhibit	better	shell	growth	and	





organization	of	 the	shells	of	bivalves	 reared	 in	experimental	acidi‐
fication	(Fitzer,	Vittert,	et	al.,	2015;	Fitzer,	Zhu,	et	al.,	2015;	Meng	 
et	al.,	2018)	and	the	disordered	crystallography	seen	for	S. glomer-
ata	 families	being	cultured	 in	coastal	acidification	estuaries	 (Fitzer	
et	al.,	2018),	we	hypothesized	that	there	would	be	a	change	in	δ13C	
incorporation	into	the	shell	in	coastal	S. glomerata.	Based	on	differ‐
ences	 in	calcification	of	the	 larvae	of	the	same	families	of	S. glom-
erata	 reared	 in	 ocean	 acidification	 conditions	 (Parker	 et	 al.,	 2011,	
2012),	we	expected	to	see	similar	differences	in	the	ability	to	cope	
with	acidification	in	the	adult	 life	stage.	The	complex	coastal	acid‐




2  | MATERIAL S AND METHODS
Specimens	 of	 S. glomerata	 from	 families	 generated	 by	 the	 Sydney	
rock	 oyster	 breeding	 programme	were	 obtained	 from	 commercial	
leases	 in	Wallis	 Lake	 (Upper	Wallamba	 latitude	 −32.174205,	 lon‐
gitude	 152.469004)	 and	 Port	 Stephens	 (Tilligerry	 Creek	 latitude	






resistance	 (F15),	 fast	 growth	 on	 the	 basis	 of	whole	 oyster	weight	
(F30)	and	wild‐type	 (F31)	bred	from	wild	unselected	parents	were	
used.	 All	 families	were	 compared	 at	 the	 control	 site	 and	 acidified	





Tilligerry	Creek,	 Port	 Stephens	 is	 a	 low‐lying	 floodplain	 con‐









Water	 samples	 were	 collected	 in	 triplicate	 at	 the	 time	 of	 oyster	
collection	 for	 each	 of	 the	 four	 sites	 (Table	 1).	 Temperature,	 salin‐
ity	and	pH	were	measured	on	site	using	a	pH	probe	calibrated	on	





ing	 (see	details	 in	Fitzer	et	al.,	2018).	The	carbon	chemistry	at	 the	
acidified	sites	differs	from	the	control,	indicated	by	a	reduced	total	









2.2 | Oyster shell preparation for scanning electron 
microscope–electron backscatter diffraction (SEM–
EBSD)




was	 polished	 using	 grit	 papers	 (P320,	 P800,	 P1200,	 P2500	 and	
P4000),	using	polishing	cloths	with	alpha	alumina	1	µm	and	alpha	
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and	also	displayed	on	a	pole	 figure	 (Figure	2).	Pole	 figures	show	
the	 360°	 spread	 of	 crystallographic	 orientation	 data.	 The	wider	
the	spread	for	the	data,	the	less	ordered	the	crystallography.
2.3 | Oyster shell carbon isotopes
Organic and inorganic δ13C	analyses	were	conducted	at	the	Isotope	
Geoscience	 Unit	 of	 the	 Scottish	 Universities	 Environmental	






















a	microbalance	 and	 provided	 0.7–1	mg	 of	mantle	 tissue	 or	 extra‐
pallial	 fluid	 powder	 for	 δ13C	 analysis	 via	 continuous	 flow	 isotope	
ratio	 mass	 spectroscopy	 (Elementar	 vario‐Pyrocube,	 Elemental	
Analyser	interfaced	with	a	Thermo	Fisher	Scientific,	Delta	Plus	XP,	
Mass	 Spectrometer).	 Inorganic	 shell	 δ13C	 samples	 were	 prepared	
by	micromilling	2–4	mg	of	calcite	from	the	internal	shell	 layer.	The	
inorganic	 powder	 was	 plasma	 ashed	 (Emitech	 K1050X)	 overnight	
to	 remove	 any	 trace	 of	 organic	 tissue.	 The	 inorganic	 powder	was	
then	analysed	for	three	individual	oysters	using	an	AP	2003	continu‐
ous	flow	automated	carbonate	system	giving	results	as	VPDB	δ13C	
































ence	 in	pH	 reflecting	 the	well‐documented	 sulphate	 soil	 acidifica‐
tion	 in	 these	estuaries	 (Dove	&	Sammut,	2013;	Fitzer	et	al.,	2018;	
O'Connor	&	Dove,	2009;	Table	1).	The	increasing	pCO2	is	driven	by	







accompanied	 by	 significantly	 lighter	 δ13C	 (GLM:	 site,	 F1,21	 =	 1.37,	
p	=	 .257;	environment,	F1,21	=	155.41,	p	<	 .001;	Table	1,	Figure	3).	
The	 two	acidified	 sites	differed	 in	pH	at	 the	 time	of	 sampling	but	
both	experience	similar	low	pH	levels	(pH	7.4–7.5;	see	Fitzer	et	al.,	
2018).	The	salinity	and	temperature	of	the	Wallis	Lake	versus	Port	





tuary,	F1,21	=	1.37,	p	=	.257;	environment,	F1,21	=	155.41,	p < .001). 





The	 shells	 of	 the	S. glomerata	 are	 comprised	of	 calcite	prisms	 and	
chalky	layers	that	produced	good	quality	electron	backscatter	pat‐
terns	(EBSP)	during	electron	backscatter	diffraction	data	acquisition	




maps	 for	 each	 family	 (Figure	 2a)	 indicate	 differences	 in	 crystal‐
lographic	 orientation	 in	 the	 shells	 of	 the	 different	 families,	where	
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changes	in	the	colour	of	crystallographic	orientation	are	highlighted	
















3.3 | Oyster shell carbon isotopes
Oysters	selectively	bred	for	faster	growth	and	disease	resistance	ap‐
pear	better	able	to	cope	with	the	lower	carbon	availability	for	shell	
growth	 in	 acidified	 conditions	 compared	 to	 the	wild‐type	oysters.	





negative δ13C,	 in	 those	 oysters	 grown	 under	 coastal	 acidification	
(GLM:	environment,	F1,22	=	447.87,	p	<	.001)	coinciding	with	a	signifi‐
cantly	lighter	seawater	δ13C	(GLM:	F1,21	=	155.41,	p	<	.001;	Table	S4).	
Oyster	 family	 significantly	 affected	 the	δ13C	within	 the	 shell	with	
Wallis	 Lake	wild‐type	oysters	 in	 comparison	 to	 the	Port	 Stephens	
wild‐type	oysters	showing	similar	patterns	 for	calcite,	with	signifi‐
cantly	 lighter	shell	δ13C	 (GLM:	 family,	F3,22	=	9.49,	p	=	 .001)	under	
coastal	acidification.
Tissues	and	extrapallial	fluids	are	also	affected	by	the	lighter	car‐
bon	 in	 the	 seawater	DIC	 (Figures	4	and	5;	Tables	S2	and	S3).	The	
mantle	tissue	(GLM:	environment,	F1,23	=	287.57,	p < .001) and the 









inorganic δ13C	 follows	 a	 similar	 pattern	 providing	 more	 carbon	
to	 be	 available	 to	 the	 shell	 in	 control	 compared	 to	 the	 acidified	
sites	when	comparing	with	 the	Port	Stephens	wild‐type	 families	





specifically	 at	 the	 Port	 Stephens	 estuary	 alone,	 shell	 δ13C	 was	
significantly	lighter,	with	a	negative	δ13C,	 in	those	oysters	grown	
under	 coastal	 acidification	 (GLM:	 environment,	 F1,17	 =	 389.29,	
p	 <	 .001)	 coinciding	 with	 a	 significantly	 lighter	 seawater	 δ13C	
(ANOVA:	F1,11	=	3,741.08,	p	<	 .001;	Table	S4).	Oyster	 family	did	
not	 significantly	 affect	 the	 δ13C	 within	 the	 shell	 (GLM:	 family,	
F2,17	 =	 0.31,	 p	 =	 .742;	 environment,	 F1,17	 =	 389.29,	 p < .001) or 
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4  | DISCUSSION
Saccostrea glomerata	 from	 families	 that	 were	 selectively	 bred	 for	
faster	growth	or	disease	resistance	showed	increased	order	in	shell	
crystallography	 under	 coastal	 acidification	 compared	 to	 that	 for	
the	 shells	of	wild‐type	oysters.	A	more	ordered	 shell	 crystallogra‐
phy	 is	 indicative	of	an	 increased	degree	of	 structural	order	of	 the	
calcite	which	may	lead	to	increased	shell	strength,	as	seen	in	mus‐
sels	(Fitzer,	Vittert,	et	al.,	2015;	Fitzer,	Zhu,	et	al.,	2015)	and	oysters	
(Ivanina	 et	 al.,	 2013).	 Similarly	 altered	 crystallographic	 orientation	
of	 mussel	 and	 oyster	 shells	 have	 been	 reported	 under	 acidifica‐
tion	with	 increased	 disorder	 at	 pH	 7.5,	 for	M. edulis	 (Fitzer	 et	 al.,	
2014,	2018),	M. angulata	(Meng	et	al.,	2018)	and	S. glomerata	(Fitzer	 









wild	 populations	 (Parker	 et	 al.,	 2011).	 In	 addition,	 adults	 from	 the	
same	selectively	bred	families	also	exhibited	upregulation	of	calci‐
fication‐related	genes	under	experimental	 acidification	conditions,	
which	may	 be	 indicative	 of	 their	 resilience	 to	 low	 pH	 (Goncalves	 















Environmental	 variations	 in	 salinity,	 temperature	 and	 biological	
productivity	are	known	to	impact	oyster	shell	growth	(Parker	et	al.,	
2017).	The	higher	 levels	of	 chlorophyll	a	 and	 fDOM	at	 the	 low	pH	
sites	(Fitzer	et	al.,	2018	Supporting	Information)	suggest	an	increase	
in	 biological	 production.	 This	 would	 be	 expected	 to	 increase	 shell	





indicated by the δ13C	(Table	1).	As	pH	decreases	and	pCO2	increases,	













In	 a	 previous	 experimentally	 controlled	 ocean	 acidification	 study,	
S. glomerata	had	a	narrowed	acute	thermal	and	salinity	tolerance	as	









in S. glomerata	grown	under	coastal	acidification.	Shell	carbon	 iso‐
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The	 wild‐type	 oyster	 would	 be	 expected	 to	 be	 adapted	 for	
background	 variable	 freshwater‐driven	 pH	 fluctuations	 through	
efficient	use	of	carbonic	anhydrase	activity	and	changing	carbon	
source	under	extreme	coastal	acidification.	Where	coastal	acidi‐
fication	can	 result	 in	 the	 reduced	activity	of	carbonic	anhydrase	
(e.g.	M. edulis,	Fitzer,	Vittert,	et	al.,	2015;	Fitzer,	Zhu,	et	al.,	2015;	
S. spallanzanii,	Turner,	Ricevuto,	Massa‐Gallucci,	Gambi,	&	Calosi,	




source	 is	switched	to	an	 internal	δ13C	pool	 to	maintain	calcifica‐
tion	 (Liu,	 Eagle,	 Aciego,	Gilmore,	&	Ries,	 2018).	 It	would	 appear	
that S. glomerata,	 similar	 to	 the	 coccolithophore,	 has	 a	 reduced	
HCO3
−	uptake	under	the	depleted	seawater	δ13C	where	the	δ13C	














selective	 breeding	 to	 at	 least	 partially	 ameliorate	 the	 negative	 ef‐
fects	of	 climate	 change‐driven	coastal	 acidification	on	oyster	 shell	
growth,	 as	well	 as	 ocean	 acidification.	We	 show	 the	 potential	 for	
selective	 breeding	 to	 provide	 a	more	 resilient	 oyster	 for	 commer‐
cial	 aquaculture	 to	withstand	 future	climate	change‐driven	coastal	
acidification,	 in	 agreement	with	 studies	 of	 the	 larval	 stage	 (Parker	 
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